The glass transition of thin polymeric films can be profitably studied using lateral force microscopy ͑LFM͒ if the system is calibrated regarding operational parameters, in particular the applied load and the scanning velocity. We have established that these two parameters significantly influence the occurrence of an apparent glass transition. In particular, we have found that the local pressure, applied by the LFM tip, is insufficient to generate a hydrostatic pressure effect causing an increase in the apparent transition temperature. In fact, at a constant scan velocity and for increased load, the apparent transition temperature decreases towards the actual bulk value. Further discussions in this article are based on viscoelastic theories. Critical time scales that are characteristic for sliding are compared to polymer relaxation times, and provide an estimate of the viscosity temperature dependence.
I. INTRODUCTION
An external pressure, homogeneously applied, can affect the glass transition of polymers. 1, 2 It was shown that the glass transition temperature, T g , linearly increases by increasing the external pressure ͑0.3 K/MPa for polystyrene͒. 3 This was interpreted as the effect of hampering the thermal expansion and, therefore, the formation of the free-volume necessary for the glass transition to take place. The inception of the scanning force microscope, as a contact mechanical tool to measure T g at the polymer surface 4 ,5 created a powerful tool for very localized investigations of T g . However, the pressure applied by the scanning tip in scanning force microscopy ͑SFM͒ contact experiment, typically on the order of 10 6 to 10 9 Pa, is an alleged source for significant shifts from the actual T g value.
Among others, one possible SFM approach to measure surface transition values is the lateral force mode, also called lateral force microscopy ͑LFM͒. Typically, LFM relies on the measurement of the lateral force acting between tip and surface as they move one relative to the other. 6 For a closedloop scan ͑i.e., forward and reverse͒ frictional dissipation causes a hysteresis in the lateral force. The apparent T g value is defined as the temperature at which the frictional value 4, 7, 8 or the friction coefficient changes abruptly. 9 Lateral forces were also used to plastically deform the polymeric material in a very distinct manner, i.e., by forming bundles at elevated temperatures far above T g . 10 Angles between the bundles and the scan direction were determined as a function of the scan frequency, and an apparent T g value determined by the Williams-Landel-Ferry theory. 10 In all the reported LFM studies, the apparent T g was found to significantly exceed the bulk values, sometimes up to tens of degrees. 9, 10 Very recently, another SFM mode was introduced for T g measurements, the shear modulation mode. 5 This nonscanning SFM mode has been successfully employed to study interfacial effects on T g values of ultrathin polystyrene films. It provided very reproducible, load independent T g values. Strikingly, T g values for films that exceeded a critical film thickness of about 100 nm were found to correspond well to bulk data obtained by complementary techniques, such as differential scanning calorimetry ͑DSC͒. The shear modulation method suggests that the large deviations in the apparent T g from bulk values obtained by LFM measurements cannot be explained by a hydrostatic pressure force, but instead is caused by other operational parameters.
In this article, we will address this issue, focus our attention on the local compressibility of polymers, and discuss the apparent glass transition observed via lateral force measurements. We will consider relatively thick films ͑Ͼ100 nm͒ to avoid effects due to interaction with the substrate. 5 Hence, our conclusions are restricted to unconfined amorphous films with molecular weight higher than 20 k.
II. EXPERIMENT
Our SFM is a commercial instrument ͑Explorer, Thermomicroscopes, Inc.͒ where the cantilever is moved by linearized x, y, and z scanners. The sample holder was modified to house a cooling-heating stage manufactured by MMR Technologies Inc. The temperature can be varied in the range between 220 to 450 K with a precise control of Ϯ0.5 K. 5 The whole system is enclosed in a glove box that is flooded with dry nitrogen. A relative humidity value of less than 5% can be routinely achieved. This is necessary to prevent the formation of water liquid-vapor capillary necks between tip and sample.
Measurements of friction force as a function of temperature were conducted on thin films of polystyrene ͑M w ϭ270 K, M w /M n ϭ1.07, Polymer Source, Inc.͒. Films of 100 nm were obtained by spin-coating polystyrene, diluted in toluene, onto H-terminated silicon wafers. Bar-shaped cantilea͒ Author to whom correspondence should be addressed.
vers were employed, with a normal spring constant ranging from 0.1 to 0.5 N/m. Conventionally, the friction force was obtained by the difference ͑divided by 2͒ of the average lateral force that acts on the tip when scanning a forwardbackward loop ͑x direction͒. The tip was shifted ͑y direction͒ at the end of each loop to avoid work hardening and wear. The temperature was increased in increments of 2 to 3 K. A waiting time of approximately 10 min was considered sufficient to stabilize the sample temperature.
The T g of bulk polystyrene was determined by differential scanning calorimetry ͑DSC͒ to be 373 K. Using the shear modulation mode, the T g of the spin-coated films was found to be in good agreement with the bulk value ͑373Ϯ1 K͒. Figure 1 shows the friction force as a function of temperature for three loads. The scan distance is 5 m and the scan speed is 5 m/s. It is important to mention that it was not possible to perform T g measurements at a negative load ͑i.e., with the cantilever bent towards the sample͒, as the tip would snap off. Hence, we decided to report the applied load and not the total load, which is also comprised of the adhesive load.
III. RESULTS
At low load ͑12 nN͒, no trace of plastic deformation was noticed in the investigated area. At high load ͑250 nN͒, plastic deformation was observed in form of bundles, which were more pronounced above T g . At an intermediate load ͑80 nN͒, no noticeable deformation was observed below T g but became distinguishable above a critical temperature. We will name this apparent transition temperature as T C to differentiate it from the actual glass transition temperature. From Fig. 1 , it is evident that a T C can be observed when working at high and intermediate loads. This T C is in good agreement with T g ͑373 K͒ at high loads ͑250 nN͒ but is higher than T g at an intermediate load ͑80 nN͒. Strikingly, no T C is observed at low loads ͑12 nN͒. The friction force remains constant over a wide range of temperatures even above T g . It is important to point out that no load dependence was observed in the shear modulation mode. Figure 2 presents the same data as in Fig. 1 in the form of temperature-dependent friction coefficients. Data is presented for two applied loads of 80 and 250 nN. At high load, T C coincides with T g while, at low load, T C is larger than T g by a few degrees.
Not only the load but also the velocity affects T C . The interplay of scan speed and applied load on T C and the possible initiation of plastic deformation is shown in Fig. 3 . For three temperatures ͑378 K, 372 K, and 360 K͒, it is illustrated how the friction force is affected by the scan speed. A scan length of 5 m was maintained, and only the scan speed was varied from 0.1 to 20 m/s. The applied load was kept constant at 15 nN. It can be noticed that at 378 K and speeds below 3 m/s, the friction force increased. This effect did not occur below T g . This sudden increase in friction is well explained by the observed bundle formation.
In Fig. 4 the friction force is plotted as a function of temperature for three scan speeds. The scan distance was 5 m and the applied load 15 nN. At high speeds ͑Ͼ20 m/s͒, no trace of deformation nor any apparent transition was noticeable. At intermediate speeds, T C ϾT g was observed. A T C value corresponding to T g was obtained below a critical speed C , when bundles started to appear. C increases with increasing load.
Measurements of the pull-off force as a function of the temperature were also carried out. In particular, the maximum applied load and the speed were varied. Below T g , the pull-off force did not depend on these two parameters while it did above T g . In Fig. 5 , for constant retracting speed of 0.5 m/s, it is shown that the pull-off force increased with increasing maximum load. At a load of 190 nN, pull-off force measurements clearly indicate a T C equal to T g . At a load of 12 nN, no T C can be observed. Note that a decrease in velocity corresponds to an increase in contact time. In our experiments the contact time was 1 s at high maximum load and 0.1 s at low maximum load. Changing the approach speed in the range 0.01 to 0.5 m/s confirmed our predictions. At an intermediate load of 80 nN, T C was only equal to T g below a critical approach speed of 0.05 m/s.
IV. DISCUSSION
First, we will discuss the hypothesis of a shift in T g induced by the tip-exerted pressure. We can evaluate the expected shift, ⌬T, by considering a Hertzian contact. The contact radius a is given by
where R is the tip radius, E is the sample Young's modulus, is the Poisson's ratio, and L is the applied load. Below T g , with Lϭ15 nN, Eϭ3 GPa, 12 and Rϭ10 to 50 nm, the contact radius is equal to 3 to 5 nm. Assuming that the strain induced cannot be laterally released, a hydrostatic pressure of 0.2 to 0.5 GPa results. A temperature-pressure gradient of 0.3 K/MPa ͑see Introduction͒ would therefore lead to a temperature shift (⌬T) of 60 to 150 K which is highly unrealistic. On the contrary, we found that T C decreases with increasing applied load ͑Fig. 1͒.
This finding is not surprising as the pressure exerted by the tip is localized and limited in time. First, the tip is typically scanned over several micrometers with a scan rate of a few Hz. Assuming values of 3 to 5 nm for the contact radius, the contact area is 30 to 80 nm 2 . Thus, the approximate volume affected is equivalent to a cylinder of height equal to five times the contact radius with a volume equal to 450 to 2000 nm 3 . 11 In our case, the radius of gyration, R g , is about 5 nm and the volume occupied by one molecule is V ϭ 4 3 R g 3 ϭ500 nm 3 . 13 This leaves about one to four molecules in the compression zone. Second, the contact radius is small compared to the scan length. The time of permanence over a specific area is as short as a few milliseconds per cycle. For the remaining scan cycle, the molecules are unconstrained and can relax. Additionally, one has to consider that there is always some creep and thermal drift so it is quite likely the tip never passes over the same molecules. Hence, the pressure exerted by the tip cannot be considered hydrostatic. Finally, it must be considered that the friction force is typically measured once the temperature is stabilized. 4, [7] [8] [9] [10] For isothermal scan conditions, the polymer can be considered incompressible, i.e., it undergoes mechanical deforma- tions but its density and free volume remain constant. This makes it even more unrealistic to expect a pressure effect on the glass transition.
As already mentioned, we observed that the apparent transition temperature increases with decreasing load, which is in contradiction to the idea of a hydrostatic pressure applied by the tip. Our findings are illustratively discussed in Fig. 6 for a water skier. At a fixed scan speed, T C coincides with T g at high load. By decreasing the applied load, T C progressively increases. L C is a critical load below which T C starts to increase. A similar trend is found when varying the scan speed at a constant load. T C coincides with T g below a critical speed C . By increasing the speed, T C progressively increases. To summarize, three regimes can be defined: ͑␣͒ ''ploughing'' at high load or low speed, ͑␤͒ ''rippling'' for loads and speeds around L C and C , and ͑␥͒ ''water skiing'' at low load or high speed. In the following paragraphs, we will discuss the parameters responsible for the three regimes.
For a single asperity contact, the friction force can be expressed as 14 
FϭA, ͑2͒
where A is the contact area (a 2 ) and is the shear strength. In the ploughing regime, the applied pressure is sufficient to induce plastic deformation even below T g , as confirmed by the appearance of bundles. At 200 nN, this is always true in the velocity range of 0.1 to 20 m/s. In this plastic regime, according to von Misses criteria, we can write
where p m is the mean pressure and Y the yield stress. Now, depends on the surface energy. From bulk measurements, it was already established that the surface energy of polystyrene slightly decreases at a rate of 0.05 Jm Ϫ2 /K. 15 Therefore, in the temperature range explored, it is almost unvaried: at 350 K 38 Jm Ϫ2 , at 390 K 36 Jm
Ϫ2
. This is substantiated by the fact that the pull-off force slightly decreases around T g when the maximum load is low and the speed is high, i.e., the contact time is short ͑Fig. 5͒. In this regime, the pull-off force is mainly sensitive to surface energy variations. Thus we can assume that does not vary substantially. Therefore we can deduce that, in the ploughing regime, the friction force is mainly sensitive to variations of Y.
The two other regimes can be discussed by considering the viscoelastic nature of the polymer films. For a viscoelastic contact and a step loading variation, Eq. ͑1͒ can be written as
where L 0 is the load at time zero; ⌽(t) is the creep function derived by assuming an appropriate viscoelastic model. In Fig. 7 , two models are introduced: the delayed elasticity model for the glassy state below T g and the steady creep ͑Maxwell͒ model for the rubbery state above T g . In the two cases, a(t) is respectively
6. Schematic representation of T C as a function of the applied load and the scan speed. ͑a͒ Given a certain scan speed, T C coincides with T g at high load. By decreasing the applied load, T C progressively increases. L C is a critical load below which T C starts to increase. ͑b͒ Given a certain load, T C coincides with T g below a critical scan speed, C . By increasing the scan speed, T C progressively increases. ͑␣͒ Water skiing: the scan speed and the applied load are such that the tip glides over the surface below and above T g . No transition is observed. ͑␤͒ Rippling: the scan speed and the applied load are such that the bundle formation starts at a critical temperature, T C is very close to T g . ͑␥͒ Ploughing: the scan speed and the applied load are such that the bundle formation starts even below T g . At T g , the bundle depth dramatically increases. where g and r are the viscosity constants below and above T g , E 1 and E 2 are two elastic constants characteristic of the material, and t C is equal to g /E 2 . We will take E 1 ϭE 2 ϭ3 GPa and assume that E 1 does not change at T g . In the range of temperatures we explored, the main difference is represented by a large change in viscosity, as it emerges from macroscopic measurements. 12 The time of tip permanence on the contact area t S can be defined as
where S is the scan speed. Below T g , t C is much longer compared to the longest t S of our experiments. This has been confirmed by the following experiment. At a temperature of 368 K, the tip was maintained in contact with the sample at various loads and times ranging from 5 to 20 min. No hole formation was observed. Therefore, we always have
is approximately equal to a 0 if the following condition is satisfied ͓from Eq. ͑6͔͒:
. ͑9͒
In the low load regime ͑Fig. 1͒, data points were collected with S equal to 5 m/s and a 0 of roughly 3 to 5 nm ͓Eq. ͑1͔͒. Thereupon t S is equal to 0.6 to 1 ms. The tip glides over the surface like a skier on water as exemplified in Fig. 6 and Eq. ͑9͒ holds at nearly all temperatures. Though almost imperceptible, a small increase occurs at 384 K. This is imputable to an increase of contact area, as does not change ͓Eq. ͑2͔͒. Therefore a(t S ) must be higher than a 0 . a(t S ) becomes higher than a 0 if r and E 1 become comparable. This gives us a value for r of about 1.5 to 3ϫ10 6 Pa•s. In the medium load regime, data points were collected with S at 5 m/s and a 0 of roughly 5 to 10 nm. t S is equal to 1 to 2 ms. The friction force starts increasing at a temperature of 378 K. This gives us a value for r of about 3 to 5ϫ10 6 Pa•s. In the high load regime, data points were collected with S at 5 m/s and a 0 of roughly 9 to 15 nm. t S is equal to 1.8 to 3 ms. In this case, the friction force starts increasing at a temperature of 373 K. This gives us a value for r of about 6 to 10 6 Pa•s. Similar values for r can be obtained from the data by varying the scan velocity at a fixed load shown in Fig. 4 .
The increase of contact area and stress at the boundary of incipient sliding is probably sufficient to initiate plastic deformation. This viscoelastic effect is confirmed by the pull-off force dependence on the maximum load ͑Fig. 5͒. In that experiment, t S was higher than in the case of low maximum load: the increase of contact area affects the magnitude of the pull-off force.
The dependence of C on the applied load can be explained using Eq. ͑7͒: at fixed speed, the higher the load, the larger the initial contact radius a 0 and the longer t S . Therefore, C should increase with an increase of the applied load. It is also likely that at T g , does not dramatically change from g to r . Therefore, for a given load, C should also depend on the temperature.
V. CONCLUSIONS
The glass transition of unconfined amorphous polymeric films was investigated using LFM. The goal of this article was to determine if and how the pressure exerted by the tip influences the glass transition. We found that it is not the pressure alone that affects the apparent transition value but also the rate with which the pressure is applied. One important finding is that the shift in the apparent transition temperature from the bulk glass transition temperature is due to the dynamic nature of the experiment and not due to an actual change in the material property, as it would be the case for a hydrostatic compression.
At a fixed scan velocity, the apparent glass transition was found to decrease and to approach the bulk value with increasing load. Similarly, at a fixed load, the apparent glass transition was found to decrease and to approach the bulk value with decreasing scan velocity. These findings might explain the high values reported in the literature for SFM/ LFM experiments.
Finally, we discussed our LFM results in terms of critical time scales, which we compared to polymer viscous relaxation times. Our calculations suggest that the viscosity of the polymer films drops to about 10 7 Pa•s at T g and to about 10 6 Pa•s at 10 K above T g . Consequently we suggest that the LFM method is a very useful tool to investigate the local and temperature-dependent viscous properties of polymeric films.
